With the rapid advances in a number of emerging application possibilities in photonics ranging from OLEDs to bio-imaging, lanthanide-based inorganic-organic hybrid materials have become an increasingly interesting material family. [1] [2] [3] [4] The peculiar photoluminescence characteristics of these materials such as sharp emission lines, large Stokes shifts and long lifetimes originate from the parity and spin-forbidden lanthanide ion 4f-4f transitions. Trivalent lanthanide ions alone show extremely inefficient direct photoexcitation; the function of the organic component in the hybrid is to absorb light in the UV/visible spectral range and then transfer the energy to the lanthanide ions thus sensitizing the characteristic lanthanide luminescence. The efficiency of the process varies with the nature of the ligand and the bonding between the ligand and the lanthanide ion. Polydentate pyridine carboxylates are particularly promising candidates as sensitizers: [5] [6] [7] the large lanthanide ions act as hard acids and form strong bonds with ligands having O and N donor atoms such that the resultant hybrids usually exhibit not only high thermal stabilities but also intense photoluminescence.
For many of the frontier applications of lanthanide-based inorganic-organic phosphors, the demand is for high-quality thin films that would moreover be e.g. transparent and flexible; also desired is that these coatings could be homogeneously deposited on various 3D surface architectures. The strongly emerging atomic/molecular layer deposition (ALD/MLD) thinfilm technique [8] [9] [10] [11] [12] based on sequential gas-surface reactions of gaseous inorganic and organic precursors would be ultimately suited to fabricate such state-of-the-art hybrid materials. There is a strive to extend the technique to a wider range of metal and organic backbone constituents, [13] [14] [15] and recently we indeed presented a highly viable ALD/MLD process based on Eu(thd)3 and 3,5-pyridinedicarboxylic acid (3,5-PDC) precursors to fabricate Eu-based inorganic-organic hybrid thin films with attractive photoluminescence properties. 16 Here upon the film growth Eu(thd)3 reacts through ligand-exchange reactions with 3,5-PDC to form Eu-PDC films in an atomic/molecular layer-bylayer manner. The underlining surface reactions were shown to be self-limiting, thus providing a means to deposit preciselythickness-controlled and conformal coatings in an atomic/molecular layer-by-layer manner over various substrate materials. We foresee that the ALD/MLD-grown Eu-hybrid thin films could be exciting new phosphor materials in applications where ultrathin luminescent coatings on flexible and/or nanostructured surfaces are needed. To gain deeper understanding of the chemical factors controlling the ALD/MLD growth and the resultant structural and luminescence properties of the Eu-hybrid films, we in this work evaluate three different aromatic dicarboxylic acids with or without pyridinic nitrogen, that is, 1,4-dicarboxylic (1,4-BDC), 3,5-pyridinedicarboxylic (3,5-PDC) and 2,6-pyridinedicarboxylic (2,6-PDC) acids, for the ALD/MLD fabrication of Eu-hybrid phosphors.
We first investigated the film growth at different temperatures for the selected organic precursors together with Eu(thd)3 as the inorganic precursor (see Fig. 1 ). In Fig. 2 from the resultant film thickness values determined from the XRR data. It is seen that the GPC decreases with increasing deposition temperature for all the three processes; this is a rather typical feature for the inorganic-organic hybrid thin films grown by the ALD/MLD technique. 10, 11 Even though the trend of decreasing GPC with increasing deposition temperature is very similar for the three processes, the GPC values are not exactly the same. Among the three processes the highest GPC values within the whole temperature range are for the Eu(thd)3+3,5-PDC process, while the lowest values are for the Eu(thd)3+2,6-PDC process; the GPC values for the Eu(thd)3+1,4-BDC process are in between those for the two pyridinedicarboxylic acid based processes. The reason for the slight differences in the GPC values among the three processes should thus be in the geometrical arrangement of the functional groups rather than the nature of the functional groups, see also our discussion later on. Despite the somewhat different growth rates all the three processes yielded smooth and seemingly homogeneous films within the entire deposition temperature range studied. For the rest of the experiments we decided to concentrate on the temperature window 280-300 °C where we obtained intermediate GPC values for all the three processes. Next we confirmed the self-saturative nature of the surface reactions involved for our Eu(thd)3+1,4-BDC, Eu(thd)3+3,5-PDC and Eu(thd)3+2,6-PDC processes by changing the precursor pulse lengths one at the time in each process and monitoring the resultant GPC values. In these experiments the precursor pulse length was fixed at 1 s for Eu(thd)3 when the pulse length of the organic precursor was varied from 1 to 4 s, and at 2 s for the organic precursor pulse when the Eu(thd)3 pulse length was varied from 1 to 4 s. In each experiment the purging time was always twice the pulse length of the corresponding precursor. In Fig. 2 (lower panels), we show the results obtained at 280 o C for the Eu(thd)3+1,4-BDC process and at 300 o C f o r t h e Eu(thd)3+3,5-PDC and Eu(thd)3+2,6-PDC processes. The film growth apparently saturates even for the shortest precursor pulse lengths employed as no changes in the GPC value were seen when the pulse lengths were increased. It should be noted that we obtained similar results at all other deposition temperatures more randomly tested (data not shown here). For the rest of the experiments we selected the following pulse/purge lengths: 1 s Eu(thd)3 / 2 s N2 / 2 s organic precursor / 4 s N2. Using these pulse lengths we then confirmed that the film thickness increased in a linear manner with increasing number of deposition cycles, see Fig. 2 (upper right panel); this is an important characteristics expected for an ideal ALD/MLD process. From the GIXRD data (not shown here) all the films were completely amorphous within the detection limit of our equipment, except one 200-nm thick film deposited from the Eu(thd)3 and 1,4-BDC precursors at 300 o C; for this film one broad diffraction peak was seen at 2θ ≈ 9.25 o , corresponding to a d value of ca. 9.6 Å.
In Fig. 3 we show FTIR spectra for ca. 100-nm thick films of Eu-1,4-BDC, Eu-3,5-PDC and Eu-2,6-PDC (all deposited at 300 o C) together with the spectra for the corresponding carboxylic acid precursors for comparison; the characteristic features seen in the spectra are also summarized in Table 1 . First of all, the characteristic peaks for symmetric vs(C=O) and asymmetric νas(COO -) stretching vibrations observed for the Eu-hybrid films around 1386-1395 cm -1 and 1543-1584 cm -1 , respectively, confirm the presence of the carboxylate species in the films, while the absence of the broad absorption band around 2900-3400 cm -1 confirms that the films are devoid of O-H and N-H bonds, as expected. Another indication that the intended reaction indeed has taken place between the carboxylate ligands and the Eu 3+ cation and that there is no traces of the organic precursor left in the films is the absence of the ca. 1700 cm -1 feature (characteristic for carboxylic acids) in the spectra for our hybrid thin films.
Please do not adjust margins Please do not adjust margins As for the more detailed information of the bonding in the films, we should firstly look at the difference in the positions of the asymmetric and symmetric stretching vibrations of the carboxylate group as it indicates the coordination mode (see Table 1 ), i.e. unidentate (Δv > 200 cm -1 ), bidentate (50 < Δv < 150 cm -1 ) or bridging (130 < Δv < 200 cm -1 ) type. 17 From Table 1 
-PDC films, can be interpreted as an indication of the pyridine-N-coordination to the Eu 3+ cation in our PDC-based hybrid thin films. [18] [19] [20] Hence, we may conclude that our FTIR data suggest that europium bonds to the organic precursor via nitrogen atom (if available) and two oxygen atoms but not necessarily in exactly the same way in all the three hybrid films. Table 1 . Assignment of the spectral features in the FTIR spectra.
The FTIR results are further supported by the XPS data recorded for the three hybrid thin films and the corresponding organic precursors for reference, see Fig. 4 . From the wideenergy-range spectra (left panel) it can be confirmed that the sample surfaces consist of carbon, oxygen, nitrogen and europium only (the latter one in the films only), as expected. From the high-resolution spectra for carbon, oxygen, nitrogen and europium, the main peaks seen at ca. 285 and 289.2 eV for carbon atoms in aromatic ring and carbonylic group, respectively, at 532 eV for oxygen in carbonylic group, at ca. 399 eV for pyridinic nitrogen and at 137 eV for strongly-coordinated europium all fit well with the relevant reference data. 21, 22 The more detailed XPS analysis reveals that upon the hybrid film deposition the binding energies of the N atoms of the pyridine ring change upon the film formation confirming that Eu indeed bonds also to nitrogen in both Eu-3,5-PDC and Eu-2,6-PDC. Another indication of this is that also the binding energies of the aromatic carbon atoms (compared to the values in the precursors) somewhat change for the PDC-based films. 23 The three hybrid thin films and their organic precursors were also investigated using UV-vis absorption spectroscopy, see Fig. 5 . The π-π* bands seen in the spectra are attributed to intra-ligand transitions in the UV region and to MLTC (metal-to-ligand charge transfer) transition in the visible region. [24] [25] When the organic molecule binds to a metal atom, a shift in the π-π* transition is expected. This is seen for all the three precursor/hybrid film pairs. Moreover seen from Fig.  5 is the fact that the two PDC-based Eu-2,6-PDC and Eu-3,5-PDC hybrid films possess an absorption band around 270 nm, which in contrast is missing for the Eu-1,4-BDC film (having a band with the maximum around 250 nm).
In Fig. 6 we display the photoluminescence excitation and emission spectra for the three hybrid Eu-organic thin films. Firstly, the excitation spectra monitored at the characteristic 615-nm Eu 3+ emission due to the 5 D0-7 F2 transition reveal efficient energy transfer from the organic component to the Eu 3+ cations in all the three cases; note that the organic molecules possess an absorption band in the UV region due to the π-π* transitions. The most interesting observation is that whereas the Eu-1,4-BDC film exhibits a single excitation band around 250 nm, the two PDC-based films possess an additional lower energy excitation band around 270 nm which corresponds to the HOMO-LUMO absorption transition of pyridine molecules. 26 The fact that the maximum of the excitation band lies above 250 nm for Eu-2,6-PDC and Eu-3,5-PDC means that the light conversion process involves an efficient multiphoton assistance. The luminescence emission spectra show the same characteristic Eu 3+ emission lines corresponding to the 5 D0-7 Fj (J=0-4) transitions for all the three thin films. However, Eu-3,5-PDC has the highest 615 nm/590 nm intensity (or area) ratio when compared with the rest of the hybrids, favouring the red emitted colour (Fig. 6) . In general, it can be concluded that all our three-types of Eu-based inorganicorganic hybrid thin films are efficient red phosphors the optimal excitation wavelength depending on the composition of the organic antenna.
Finally, we like to emphasize that our Eu-hybrid films are chemically and thermally extremely stable under ambient c o n d i t i o n s . T h i s w a s c o n f i r m e d w i t h r e p e a t e d X R R , F T I R a n d photoluminescence measurements after the storage of the films in ambient air at room temperature up to periods extending to a year and also upon annealing in air up to 500 °C. 
Experimental section
The ALD/MLD fabrication of the hybrid Eu-organic thin films was performed in a commercial ALD reactor (ASM Microchemistry Ltd.) using the following precursors: Eu(thd)3 (thd: 2,2,6,6-tetramethyl-3,5-heptanedione) prepared in-house, 1,4-bicarboxylic acid (1,4-BDC; TCI Europe N.V.), 3,5-pyridinedicarboxylic acid (3,5-PDC; TCI Europe N.V.) and 2,6-pyridinedicarboxylic acid (2,6-PDC; Sigma Aldrich); for the structures of the precursors, see Fig. 1 . During the depositions, the precursor powders were kept in glass crucibles inside the reactor, Eu(thd)3 at 140 °C and the organic precursors at 212 °C (1,4-BDC) or 235 °C (3,5-PDC and 2,6-PDC). These precursor sublimation temperatures were optimized in our preliminary experiments; see also Ref. 16 . Due to the high volatility of the organic precursors, the crucible containing the organic precursor was covered with quartz glass wool (Nabertherm). Nitrogen (>99.999%; Schmidilin UHPN 3000 N2 generator) was used as a carrier and purging gas, and a pressure of 2 to 4 mbar was maintained in the reactor during the film depositions. The following pulse/purge lengths were used for most of the experiments: 1 s Eu(thd)3 / 2 s N2 / 2 s organic precursor (1,4-B D C , 3 ,5 -P DC o r 2 , 6 -P D C ) / 4 s N 2 . T h e f i lm g r o w t h w a s investigated in the deposition temperature range from 240 to 340 o C. The depositions were performed on quartz and/or ptype Si(100) (Okmetic Ltd.) substrates cut to ca 3.5 x 3.5 cm 2 pieces.
The film thicknesses and densities were determined with Xray reflectivity (XRR; PANalytical X'Pert MPD Pro Alfa 1). The XRR data were fitted using (X'Pert HighScore Plus) Reflectivity software. The thickness values were obtained using the Fourier method. Grazing-incident X-ray diffraction measurements (GIXRD; X'Pert MPD PRO Alfa 1, PANanalytical; Cu-Kα radiation) were carried out to investigate the crystallinity of the samples. Fourier-transform infrared spectroscopy (FTIR; Nicole Magna 750) was used to identify the organic components in the samples. The measurement chamber was purged with dry air, and the spectrum measured for the substrate was subtracted from those for the thin-film samples. The surface chemical composition of the films was quantified by means of X-ray photoelectron spectroscopy (XPS; AXIS Ultra, Kratos Analytical, Manchester, U.K.) with monochromated Al Kα X-ray source and charge neutralisation utilising slow, thermal electrons. All samples were measured as-received but pre-evacuated overnight in order to obtain stable ultrahigh vacuum (UHV) conditions, and a pure cellulose specimen was used as the insitu reference during the measurements. The binding energies were corrected using the high-resolution data from C 1s and N 1s, according to Beamson and Briggs value for aliphatic carbon atoms at 285.0 eV, 21 and expecting similar binding energy for the well resolved carboxylic component in C 1s (at 289.2 eV) in all samples.
Finally the films were characterized for their optical properties. UV-visible absorption spectra were recorded using Perkin Elmer Lambda 950 UV/Vis/NIR absorption spectrophotometer. For the photoluminescence characteristics we collected both excitation (250 -350 nm; λem = 615 nm) and emission (450 -750 nm; λexc = 250 -270 nm) spectra using QuantaMaster 40 spectrofluorometer from Photon Technology International. A front-face setup at an angle that minimized the reflected and scattered light from the sample (30~40 degs.) was used. The second order peaks were eliminated by using a 400-nm long pass filter (FGL400, Thorlabs) in the emission channel; the emission and excitation slits used in the measurements were set to 3 nm and the fluorescence spectra were corrected using the instrument's excitation and emission corrections provided by the manufacturer. Our Quantar Master 40 spectrofluorometer does not allow the use of excitation wavelengths below 250 nm. Hence we additionally measured the excitation spectra with Perkin Elmer Spectrometer (LS5OB Model using 515 cut-off filter); the low-wavelength area of the given excitation spectra are from these measurements.
Conclusions
Three different dicarboxylic acid molecules were examined together as potential organic precursors for ALD/MLD processes to be combined with europium for efficient thin-film phosphors. Two of the molecules (pyridine-2,5-dicarboxylic acid and pyridine-2,6-dicarboxylic acid) contained pyridine-type nitrogen while the third molecule (1,4-dicarboxylic acid) had no nitrogen atoms. All the three different organic precursors yielded high-quality hybrid Eu-organic thin films; the growth rates were somewhat different though, presumably due to the different precursor geometries. From FTIR and XPS spectra it was revealed that Eu binds to both the pyridinic N atoms (if available) and the carboxylic O atoms, but the coordination may not occur in an exactly same way in all the three different films. The highest growth rates were achieved at all the deposition temperatures for Eu-3,5-PDC and Eu-1,4-BDC.
All our three-types of Eu-based inorganic-organic hybrid thin films appeared as efficient red phosphors. In particular, the presence of the bidentate nitrogen donor ligands was found to extend the photoluminescence excitation wavelength range to 6 | RSC Adv., 2016, 00, [1] [2] [3] [4] [5] This journal is © The Royal Society of Chemistry 20xx
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Please do not adjust margins the higher wavelengths. We believe that our new ALD/MLD grown highly stable Eu-organic hybrid thin films are potential candidates for various future applications in photonics.
